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The baryonic mass function of galaxies
By J. I. Read 1† & Neil Trentham 1
1Institute of Astronomy, Cambridge University, Madingley Road,
Cambridge, CB3 OHA, England
In the Big Bang about 5% of the mass that was created was in the form of
normal baryonic matter (neutrons and protons). Of this about 10% ended up in
galaxies in the form of stars or of gas (that can be in molecules, can be atomic, or
can be ionised).
In this work, we measure the baryonic mass function of galaxies, which describes
how the baryonic mass is distributed within galaxies of different types (e.g. spiral or
elliptical) and of different sizes. This can provide useful constraints on our current
cosmology, convolved with our understanding of how galaxies form. This work relies
on various large astronomical surveys, for example the optical Sloan Digital Sky
Survey (to observe stars) and the HIPASS radio survey (to observe atomic gas).
We then perform an integral over our mass function to determine the cosmological
density in baryons in galaxies: Ωb,gal = 0.0035. Most of these baryons are in stars:
Ω∗ = 0.0028. Only about 20% are in gas. The error on the quantities, as determined
from the range obtained between different methods, is∼ 10%; systematic errors may
be much larger.
Most (∼ 90%) of the baryons in the Universe are not in galaxies. They prob-
ably exist in a warm/hot intergalactic medium. Searching for direct observational
evidence and deeper theoretical understanding for this will form one of the major
challenges for astronomy in the next decade.
Keywords: mass function, stellar, HI, gas, baryonic
1. Introduction
The hot Big Bang theory is the current paradigm for the formation and evolution of
the Universe. Parts of the theory that describe the Universe in the first small fraction
of a second, like superstring theory, cannot rigorously be tested by experiment and
so are not well-constrained at present. But the parts that describe the subsequent
evolution of the Universe have been very successful. Examples of the successes are
the predictions of the cosmic microwave background (CMB), the abundances of
light elements and the expansion of the Universe (Peacock 1999).
One feature of the model is the partitioning of mass-energy into entities that
obey different equations of state. In Table 1, we list current estimates for the den-
sities of these forms of mass-energy (Fukugita & Peebles 2004, Allen et al. 2004).
These numbers come from matching the theory to observations of the CMB (e.g.
Spergel et al. 2003), the distance-redshift relation obtained from Type Ia super-
nova (e.g. Riess et al. 2004), and observations of rich galaxy clusters a different
† Email: jir22@ast.cam.ac.uk
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Table 1. Composition of the Universe
Total density Dark energy density
Ω = 1 ΩΛ = 0.73
Matter density Dark matter density
ΩM = 0.27 Ωdm = 0.22
Baryonic density
Ωb = 0.05
redshifts (Allen et al. 2004). The two main components are a dark energy com-
ponent with density ΩΛ, which could be a cosmological constant†, and a matter
component with density ΩM . The matter density can further be divided into a
dark-matter component and a baryonic component. Inferences about the density of
the baryonic component come from observations of the CMB angular power spec-
trum (Spergel et al. 2003) and the abundances of light elements D, 3He, 4He and 7Li
(Coc et al. 2004) when compared with big bang nucleosynthesis theory (BBN). The
existence of the dark matter component is strengthened by independent evidence
from the dynamics and clustering of galaxies and clusters of galaxies (e.g. de Blok
et al. 2001, Kleyna et al. 2001 and Borriello & Salucci 2001); and from gravitational
lensing measurements (Mellier 1999 and Sand et al. 2004). The baryonic component
is the subject of the present paper.
Understanding the present distribution of material in the Universe is a formidable
challenge. With the advent of fast computers and efficient algorithms for calculating
the force between many particles, we can now make solid predictions for the current
distribution of dark matter (Bertschinger 1988). However, understanding the distri-
bution of stars and gas is more difficult. This involves a detailed understanding of
the physics underlying galaxy formation: gas hydrodynamics, star formation, and
feedback from exploding stars and forming black holes. Despite these difficulties,
much progress has been made and simulations are now on the verge of being able to
make predictions about where and in what form we should expect to find baryons†
in the universe today (see e.g. Mayer 2004 and Springel et al. 2005). The new hy-
drodynamic simulations of galaxy formation (e.g. Dave´ et al. 2001 and Nagamine
et al. 2005) include an intergalactic medium, which makes it straightforward to
include these effects.
Technological advances in observational astronomy have also been rapid, mainly
as regards our ability to compile and process large datasets. The results from many
surveys have recently been published. These include optical redshift surveys, like
the Sloan Digital Sky Survey (SDSS; Abazajian et al. 2004) and the 2DF Galaxy
Redshift Survey (Colless et al. 2001), near-infrared photometric surveys like 2MASS
(Gao et al. 2004), and HI atomic gas surveys like HIPASS (Koribalski et al. 2004).
The time, therefore, is ripe to use the survey results in conjunction with each
other to calculate precisely the distribution of baryons in the Universe. This will
† The energy density of a given component, Ωi = ρi/ρc, is defined as the ratio of its density
to the critical density which would make the universe spatially flat: ρc = 3H20/8piG, where G is
the gravitational constant and H0 is the Hubble constant at the present epoch, which we assume
to be H0 = 70 km s−1Mpc−1. The astronomical unit of a parsec (pc) is 3.09 ×1016 m.
† Baryons are any hadron which comprises three quarks; typically this refers to protons and
neutrons.
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then provide a valuable resource against which cosmological simulations which in-
clude the complex physics of star formation and galaxy formation may be tested.
It also presents a vital census of that part of the universe which we can see. While
models which invoke dark matter or dark energy may come and go, the light we
observe from galaxies and the distribution of the baryons within these systems
remains a firm result.
A first attempt at such a calculation was made by Salucci & Persic (1999) for
disc galaxies while Bell et al. (2003) recently presented the baryonic mass function
of all galaxies, calculated using a combination of 2MASS and SDSS data. Other
authors have computed the stellar mass function of galaxies (Cole et al. 2001 and
Panter et al. 2004) or the gas mass function (Keres et al. 2003, Koribalski et al. 2004,
Springob 2004).
In this paper we present the baryonic mass function for nearby galaxies sep-
arated by Hubble Type†. We convert the the field galaxy luminosity function of
Trentham et al. (2005) (which depends on SDSS measurements at the bright end)
to a mass function using dynamical mass estimates where possible (e.g. Kronawit-
ter et al. 2000) and stellar population synthesis models otherwise (e.g. Bruzual &
Charlot 2003). We use data from the HIPASS survey (Koribalski et al. 2004) to de-
termine the HI (atomic hydrogen) gas masses of galaxies and data from the FCRAO
Extragalactic CO survey of Young et al. (1995) to determine the H2 (molecular hy-
drogen) gas masses of galaxies of a given luminosity and Hubble Type. We further
use recent X-ray surveys of disc and elliptical galaxies to constrain the contribu-
tion of ionised hydrogen (Mathews & Brighenti 2003) and use microlensing data to
constrain the contribution of stellar remnants (Alcock et al. 2000, Derue et al. 2001
and Afonso et al. 2003). Combining all these measurements gives the baryonic mass
function.
This paper is organised as follows. In section 2 we present the luminosity function
of field galaxies separated by Hubble Type. In section 3 we describe our method
for calculating mass-to-light ratios of stellar populations in different galaxies and
compute the stellar mass function of galaxies. In section 4 we compute the gas
mass function for field galaxies. In section 5 we present the full baryonic mass
function of galaxies and compare this with results from the literature. We then
discuss baryonic mass components which have been left out of the analysis: halo
stars, stellar remnants, and hot ionised gas and dust. In section 6 we integrate the
baryonic mass function to obtain the relative contribution of each baryonic mass
component to Ωb,gal and compare our results to values of Ωb derived from the CMB
and light element abundances. Finally, in section 7 we present our conclusions.
† The Hubble ‘tuning fork’ galaxy classification scheme separates galaxies by morphology into
‘early types’ (elliptical and lenticular - E, S0) and ‘late types’ (spirals - Sa, Sb, Sc, Sd, Sm -
and irregulars - Irr). Dwarf galaxies are denoted dE (dwarf elliptical) or dIrr (dwarf irregular).
In this paper we group the dIrr and Irr galaxies together. Note that while such classifications
are historical, these galaxies are genuinely distinct in their chemical and dynamical properties.
E, dE and S0 galaxies are largely supported by random stellar motions and are of typically
higher metallicity, while Sa/b/c/d, Irr and dIrr are largely rotationally supported and of lower
metallicity. The dynamical differences, plus the differences in chemistry make determinations of
the stellar and gas mass-to-light ratios for these systems necessarily different. Thus splitting the
galaxy populations into different types in this way is useful for a study such as this one.
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2. The luminosity function of field galaxies
The luminosity function φ(MR), is defined such that φ(MR) dMR dV is the number
of galaxies in the absolute R-band magnitude range [MR, MR + dMR]‡ within
co-moving volume element dV. The field galaxy luminosity function is plotted by
Hubble Type in Figure 1. As in Trentham et al. (2005), the bright end of the
luminosity function was computed using data from the SDSS galaxy survey, while
the faint end was taken from observations of nearby galaxy groups (e.g. Trentham
& Tully 2002). We show parameter values on the plot for a Schechter function
fit to the luminosity function¶. While the error bars are small enough that the
Schechter function does not provide a good formal fit, it is a simple analytic form
which captures the main features of the mass and luminosity functions which are
presented in this paper.
The Hubble Type is a subjective assessment that depends on many parame-
ters that can be measured for nearby bright galaxies. It cannot be determined for
the faint galaxies in SDSS images, so we cannot determine type-specific luminos-
ity functions from SDSS data alone. Broadband colours are often regarded as a
straightforward way to distinguish between different kinds of galaxies. These are
available for the SDSS sample, but this is a poor discriminant since different Hubble
Types can have very similar colours (Fukugita et al. 1995), particularly different
kinds of spiral galaxies. Another discriminant is the light concentration parameter,
but this alone cannot be used to distinguish different types of late-type galaxies:
concentration parameters do not depend on scale length if the profiles are exponen-
tial. Hα emission-line strength is yet another discriminant, but there is considerable
scatter in the Hα equivalent width of galaxies of a single Hubble type (Kennicutt
& Kent 1983).
We therefore use the following procedure: brightward ofMR = −17.5, concentra-
tion parameters, K-corrected† broadband colours, and Hα equivalent widths were
used in conjunction with each other to classify the SDSS galaxies as early-type,
‡ The absolute magnitude is a logarithmic measure of the luminosity in the R-band. Histori-
cally, the luminosity of galaxies is presented as MX = −2.5 log10
∫
X
LλTX(λ) dλ+constant where
X denotes some filter (e.g. R-band), TX(λ) is the transmission function of that filter, and Lλ is
the spectral energy distribution of the galaxy. The nomenclature for filters is complicated because
many groups define their own system. Often these labels overlap so that the ‘r-band’ has several
different definitions in the literature. For a full review see Fukugita et al. (1995). In this paper
we will refer only to the Cousins R-band (5804-7372 A˚) and the Johnson B-band (3944-4952 A˚)
(Fukugita et al. 1995). In the days of photographic astronomy, the names were often taken from
the types of plates supplied by photographic companies. For example, the J in the well-known
bJ filter comes from the particular type of photographic emulsion obtained from Kodak. We even
learnt one story where the notation had to be changed when the photographic company changed
the plate name because the yak whose stomach lining they used to manufacture the glue used in
the emulsion became endangered!
¶ The Schechter function in mass (M) or luminosity (L) is given by:
φ(M) = φ∗ exp
(
− M
M∗
) (
M
M∗
)α
. In magnitude units this gives: φ(MR) =
0.92φ∗
(
10[−0.4(MR−MR∗ )]
)α+1
× exp
(
−10[−0.4(MR−MR∗ )]
)
(Schechter 1976).
† The K-correction for filter X for a galaxy at redshift z is defined by the following equation:
KX(z) = 2.5 log10
[
(1 + z)
∫
∞
0
Lλ(λ
′)TX (λ
′)dλ′∫
∞
0
Lλ(
λ′
1+z
)TX (λ
′)dλ′
]
. It corrects for two effects: (i) the redshifted
spectrum is stretched through the bandwidth of the filter, and (ii) the rest-frame galaxy light that
we see through the filter comes from a bluer part of the spectral energy distribution because of
the redshift (Frei & Gunn 1994).
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Figure 1. The field galaxy luminosity function split by Hubble Type. The top left plot is
for Elliptical and S0 galaxies, the top right is for spirals (Sa-Sd), the bottom left is for the
dwarf galaxies (irregular and elliptical) and the bottom right is the combined luminosity
function. In each plot a spline-fit to the luminosity function is shown to guide the eye and
these spline fits are also overlaid on the combined luminosity function in the bottom right
plot. Galaxies which are very luminous in the R-band lie to left of these plots, while those
which are very faint lie to the right. Overlaid on the bottom right panel are parameters
for a Schechter fit to the total luminosity function.
intermediate-type, or late-type using local galaxies as templates. Luminosity func-
tions were computed for each. The early-type luminosity function was then further
split into an elliptical luminosity function and an S0 luminosity function in such a
way that the relative numbers of these kinds of galaxies corresponded to that in
each magnitude range in the Nearby Galaxies Catalogue (Tully 1988), which lists a
sample of luminous galaxies within 40 Mpc. The intermediate luminosity function
was split into a Sa luminosity function and a Sb luminosity function similarly. The
late-type luminosity function was split into a Sc, a Sd, and an irregular luminosity
function. Brightward of MR = −17.5, dwarf elliptical galaxies do not seem to ex-
Article submitted to Royal Society
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Figure 2. The field galaxy stellar mass function split by galaxy Hubble type. The data
points are for all galaxies, while the lines show spine fits by Hubble Type. The lines have
the same meaning as in Figure 1. Bright (massive galaxies) lie to the right of this plot,
while faint galaxies lie to the left. Overlaid are parameters for a Schechter fit to the total
mass function.
ist outside rich clusters (see e.g. Binggeli et al. 1988). Faintward of MR = −17.5,
the luminosity function was split according to the relative numbers of the different
kinds of galaxies in the groups surveyed by Trentham & Tully (2002) and the Local
Group.
This method of computing the luminosity function is motivated by our need to
obtain stellar mass-to-light ratios and gas masses or galaxies of particular magni-
tudes and types. It forces the SDSS galaxy sample to have properties similar to
the local galaxy sample, but it generates a luminosity function that is less sus-
ceptible to cosmic variance problems than a luminosity function derived from the
local galaxy sample alone. Our method is subject to systematic problems if the two
galaxy samples are very different. Other authors have used concentration parame-
ters (see e.g. Kauffmann et al. 2003) or star formation histories derived from the
SDSS spectra (Panter et al. 2004) to determine the mass-to-light ratios. Comparing
our results to other values in the literature will be an important test of our method
(see sections 3, 4 and 5).
Our derived luminosity function agrees very well, both by Hubble type and inte-
grated, with one obtained using only local galaxies (Binggeli et al. 1988). However,
the agreement with a recent luminosity function obtained from the SDSS alone by
Blanton et al. (2004) is not so good at the faint end (see dotted black line, Figure
Article submitted to Royal Society
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µB M/LB mHI/LB mH2/mHI
E 1 6.8–7.5 ∼ 0.01 ∼1
S0+S0/a 0.64 4.8–5.4 0.11–0.33 1.3–6.7
Sa+Sab 0.33–0.40 3.1–3.6 0.078–0.32 1.5–5.8
Sb+Sbc 0.16–0.25 2.1–2.6 0.24–0.46 2.0–4.2
Sc+Scd 0.06–0.09 1.6–2.1 0.46–0.65 1.1–1.8
Sd+Sdm+Sm ∼0 1.6–2.1 0.62–0.70 0.70–1.3
Irr+dIrr ∼0 0.9–1.2 0.55–0.99 0.30–0.58
dE - 1.7–4.9 ∼0 -
Table 2. Galaxy properties as a function of Hubble Type.
1). Their faint end slope, corrected for incompleteness, is significantly steeper than
ours (they find α ∼ −1.5; we find α ∼ −1.3). The difference could be caused by
cosmic variance effects: our particular patch of the universe may be under-dense.
In addition, Schechter fits to the bright end of the luminosity function (where the
Poisson errors are small) tend to over-predict the number of faint galaxies.
Finally, notice that there is a dip in the luminosity function at MR ∼ −17.
A similar dip in the luminosity function was recently found by Flint et al. (2003)
suggesting that it might not simply be the result of incompleteness or poor overlap
in the surveys used (see also Trentham et al. (2005) for further discussion of this
feature).
3. The stellar mass function of field galaxies
In order to convert the luminosity function to a mass function, we require the mass-
to-light ratio of the stellar populations. This will in general be a function of galaxy
type, age, metallicity and even luminosity. We determine the mean mass-to-light
ratio of ellipticals and assume that this may also be applied to the bulge component
of S0 and spiral galaxies. We then determine the mean mass-to-light ratio of discs,
irregular galaxies and dwarf elliptical galaxies. These mean mass-to-light ratios
are then combined using bulge-to-disc ratios, µB, using the measurements of Kent
(1985). The results are presented, along with the gas properties of galaxies that we
derive in the next section, in Table 1. In fact, we could do better than just taking a
mean value for each of the Hubble types; in future work we will use a distribution
of mass-to-light ratios as a function of luminosity for each Hubble type. This is
beyond the scope of this present work.
(a) A note on random v.s. systematic errors
Stellar masses depend on both the galaxy luminosity function and the mass-to-light
ratios of the stellar populations in the different kinds of galaxies. The errors in the
former are random and are determined by counting statistics. The errors in the
latter are systematic and come from our lack of knowledge about input parameters
like metallicity and stellar IMF in the stellar population models used to calculate the
mass-to-light ratios. We can get around this problem to some extent by comparing
Article submitted to Royal Society
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these mass-to-light ratios with those derived from dynamical measurements; we may
then quote a range of mass-to-light ratios determined from these two methods. In
this paper we take this pragmatic approach. However, the reader should be aware
that dynamical measurements have their own systematic uncertainties and so it
is not clear that we can really quantify all of our systematics in this way. As a
conservative estimate, we suggest that the total systematic error may be as large
as ∼ 50% (compared with our quoted errors of ∼ 10%). In future, we may hope
to better quantify these systematics through spectroscopy of individual stars, deep
photometry and improved modelling.
(b) Ellipticals and bulges
Two methods were employed here. The first uses stellar population synthesis models
to convert an age, metallicity and colour into a B-band mass-to-light ratio M/LB.
We use the models of Bruzual & Charlot (2003) with an initial stellar mass function
(IMF), η(M)†, taken from Kroupa (2001):
η(m) =


25 η(1)m−0.3 : 0.01 ≤ m < 0.08
2 η(1)m−1.3 : 0.08 ≤ m < 0.5
η(1)m−2.3 : 0.5 ≤ m < 100
(3.1)
where m is in units of solar masses M⊙. The results are very sensitive to the
IMF, since arbitrarily many low-mass stars can be included with no change to the
measured colour, metallicity or age of a galaxy.
This IMF has been empirically determined from deep observations of local field
stars and of young star clusters. It is denoted the ‘universal IMF’ since it appears
to be the same across the enormous range of scale, environment and epoch in which
it has been determined (Kroupa 2001). This IMF is also attractive in that it is the
end result of star formation that exhibits a Salpeter IMF whilst in progress (Kroupa
& Weidner 2003).
Using the stellar population models of Bruzual & Charlot (2003), adopting the
IMF above, and assuming a mean age and metallicity for ellipticals of tE ≃ 12± 2
Gyr and Z = 2Z⊙‡ respectively, we obtain M/LB = 9.81 − 11.05¶. Note that
fitting a power law to the stellar population models of Bruzual & Charlot (2003)
gives M/LB ∼ 6.7(Z/Z⊙)
0.58. Thus the results are sensitive both to the choice of
IMF, and to the choice of mean metallicity for the ellipticals.
We may also obtain the mass-to-light ratio of ellipticals from dynamics. While
there is significant evidence for dark matter in ellipticals, interior to the majority
of the stellar light the dark matter component is small (van der Marel 1991 and
Kronawitter et al. 2000) so the stellar velocities (as measured from their relative
Doppler shifts) may be used to calculate the total gravity produced by masses of
the stars.
† The stellar IMF is defined such that η(M) is the number of stars in the intervalM toM+dM .
M⊙ = 1.989× 1030 kg is the mass of the sun.
‡ The metallicity, Z, is the ratio of the total mass in heavy elements, Mh, to the total baryonic
mass (Binney & Merrifield 1998).
¶ This is in units ofM⊙L
−1
⊙,B
- solar masses per B-band solar luminosity, which we use through-
out this paper.
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A recent study of 21 elliptical galaxies by Kronawitter et al. 2000 givesM/LB =
6.78− 7.54 which is a factor ∼ 0.7 of the stellar population value. This is surprising
since the presence of dark matter should tend to make the stellar populations value
smaller than the dynamical estimate rather than the other way round. We favour
the dynamical estimate because modelling stellar populations is extremely difficult
and errors of the order 2 are not uncommon (Charlot et al. 1996). Perhaps more
importantly, the ‘universal’ IMF of Kroupa (2001) has not been explicitly verified
for elliptical galaxies and so may not be the correct one to use (Jorgensen 1997).
Chabrier (2003) suggest an IMF which gives a much better agreement between stel-
lar population models and dynamical masses for elliptical galaxies, however similar
agreement may be obtained by using the Kroupa (2001) IMF and assuming a mean
metallicity for ellipticals of solar, rather than twice solar. The double degeneracy
of metallicity and IMF for the ellipticals leads us to favour the dynamical value for
the mass to light ratio. This has its own systematic limitations: the internal velocity
dispersions of ellipticals are unknown since only the line of sight velocities may be
measured; and the presence of dark matter may complicate things at large radii.
Future dynamical mass measurements, improved stellar population modelling, deep
photometry of nearby galaxies and good spectra of individual stars will all help to
pin down these systematic uncertainties in the future.
(c) The mass-to-light ratio of discs
Following Fukugita et al. (1998) we compile a mean mass-to-light ratio for discs from
three independent methods. The first is from measurements of the column density
of stars in the solar neighbourhood, Σ∗ = 27 − 40M⊙pc
−2 (Gould et al. 1996
and Kuijken & Gilmore 1989). Combining this with the local luminosity surface
density, ΣLB ≃ 18M⊙pc
−2 (Bahcall & Soneira 1980) gives M/LB = 1.5 − 2.2.
The second method uses the stellar population synthesis models of Tinsley (1981)
and Portinari et al. (2004). These are on a firmer footing than for the elliptical
galaxies since the IMF has been explicitly measured for spiral galaxies (Kroupa
2001). These giveM/LB = 1.1−1.9 using the IMF given in equation 3.1. The third
method uses a dynamical mass estimate for the stars (Salucci & Persic 1999). This
gives M/LB = 1.11.
The mean of all of these values gives M/LB = 1.24− 1.7. We adopt this value
here. This value was then corrected for internal extinction in the galaxies, using
the corrections of (Tully & Fouque 1985) and a field sample inclination distribution
equivalent to that seen in the Ursa Major Cluster (Tully et al. 1996). A similar
value for M/LB was recently obtained dynamically from a compilation of spiral
galaxies by McGaugh (2004). This further strengthens our confidence in this value.
(d) The mass-to-light ratio of dwarfs and irregulars
The mass-to-light ratios for the irregulars (and dwarf irregulars) may be adapted
from the above value for discs corrected for their younger age and consequent bluer
colour (Fukugita et al. 1998): M/LB = 0.9− 1.24.
Recent observations of the Ursa Minor Local Group dwarf elliptical (dE)† galaxy
† Ursa Minor or UMi is usually labelled as a dwarf spheroidal galaxy (dSph) which is an
alternate name for a dwarf elliptical galaxy.
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Figure 3. The field galaxy HI (left) and H2 (right) gas mass functions split by galaxy
Hubble Type. The data points are for all galaxies, while the lines show spine fits by
Hubble type. The lines are as in Figure 1. Overlaid are parameters for a Schechter fit to
the total mass function.
by Wyse et al. (2002) suggest that dE stellar populations are very similar to the
Milky Way globular clusters. As such, we use the dynamical mass-to-light ratio of
Galactic globular clusters (Pryor & Meylan 1993) for dE galaxies:M/LB = 1.7−4.9.
We find excellent agreement between our derived stellar mass function and that
of Panter et al. (2004) (see the black dotted line in Figure 2). They also use the
SDSS data, but derived stellar masses from star formation histories constrained by
the spectra of the galaxies. This gives some weight to the validity of our method of
classifying galaxies by Hubble type and then determining masses. Our data gives
Ω∗ = 0.0028± 0.0003, whereas Panter et al. find Ω∗ = 0.0034± 0.0001.
4. The gas mass function of field galaxies
The gas mass function of local galaxies is presented in Figure 3.
(a) Atomic hydrogen (HI)
A large sample of HI (atomic) gas measurements of nearby galaxies was compiled
recently as part of the Australian HIPASS survey, using the Parkes radio telescope.
Measurements of the 1000 brightest galaxies in this sample were recently published
(Koribalski et al. 2004).
In order to measure the total amount of gas in galaxies in the Universe, we need
to determine how much gas the galaxies contain per unit optical luminosity. We
can then get the gas mass function from the luminosity function. We computed the
atomic gas mass per unit luminosity for each Hubble Type as follows. We compiled
a sample of galaxies with velocities between 2000 and 3000 km/s that were observed
at optical wavelengths and also in HI in the HIPASS survey. For each Hubble Type,
we used this sample to determine the ratio between the atomic gas mass and the
Article submitted to Royal Society
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optical luminosity. These numbers are given in Table 2. The wide ranges reflect
the conservative error estimates that we are forced to use because of the intrinsic
scatter in the ratio for galaxies of a given Hubble Type and because the errors are
systematic (see also section 3a).
The HI mass function that we derived is very similar to the one derived by
HIPASS (Zwaan et al. 2003) at the high-mass end, but falls significantly below
theirs at the low-mass end. This difference can be attributed to the difference in
sample selection and scaling – the HIPASS sample is selected by HI mass but ours is
selected and scaled by optical luminosity. They therefore include many systems that
we do not, as well as including gas in the outer parts of galaxies which is not included
in our analysis – a galaxy that we think has mass M of atomic gas may really have
2M , so our points should be shifted towards the right if we wish to include all the
atomic gas in the Universe. Both of these effects could be more important at low
masses – the highest mass HI galaxies will invariably be in optical surveys, and all
scaling relations were derived using the properties of these galaxies.. This difference
also accounts in our different values of ΩHI: HIPASS finds ΩHI = (4.1±0.6)×10
−4,
whereas we get ΩHI = (2.9± 0.6)× 10
−4.
(b) Molecular hydrogen (H2)
Similarly, we determine the relationship between galaxy Hubble Type and molecular
gas mass using the data of Young et al. (1995). The results are also presented in
Table 2. This survey measures CO line luminosities, which are converted to gas
masses using the empirical formula of Young & Scoville (1991):
MH2 = 12000SCOD
2M⊙, where SCO is the CO flux in Jy km/s and D is the
distance to the galaxy in Mpc.
We find a very similar molecular gas mass function to that of Keres et al. (2003),
who presented this function for a far-infrared (FIR)-selected sample, also derived
from the Young et al. (1995) sample. This is consistent with the idea that most of
the currently observed molecular gas in the Universe is in normal galaxies, which
are the same objects as the FIR sources.
5. The baryonic mass function of field galaxies
The baryonic mass function is presented in Figure 4. This is the sum of the functions
in the three previous Figures, where the masses in the gas functions are multiplied
by 1.33 to take into account the presence of helium. The error bars are small enough
that Schechter or any other analytical fits to the data are formally poor. However,
we show our best fit values on the plot.
In Table 3, we present the total mass density of the Universe in baryons within
galaxies, in different forms. Typical errors are 10% (but see section 3a). For the
stellar masses the uncertainty mainly comes from our lack of knowledge of the
mass-to-light ratios. For the gas components the error primarily comes from the
uncertainty in the scaling of optical luminosity to gas mass for galaxies of a given
Hubble Type.
About 8% of the baryons in galaxies are in atomic gas and about 7% are in
molecular gas. In the Milky Way about 8% of the baryons are in atomic gas and a
further 2% are in molecular gas.
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A comparison with the CDM mass function is also shown in Figure 4. The nor-
malisation for the baryonic component in galaxies is very much lower, reflecting the
fact that galaxy masses are dominated by dark matter, not baryons. Additionally,
the baryonic mass function has a very different shape from the dark mass function.
This suggests that the collapse of baryons into galaxies and the ability of the galax-
ies to retain the gas once star formation has begun is very much a scale-dependent
process. At the very low mass end, where galaxies are heavily dark-matter domi-
nated, the baryonic mass function is still very much shallower than the CDM mass
function – this is the classical missing satellites problem (Moore et al. 1999). At the
high mass end it is also deficient. This could be caused by feedback from centrally
active black holes within galaxies (Silk & Rees 1998).
Finally, notice that there is a slight bump in the baryonic mass function at
∼ 109M⊙. This corresponds to a similar dip in the stellar mass function (see Figure
2) and a dip in the luminosity function at MR ∼ −17 (see Figure 1 and section 2).
The dip is much less significant in the baryonic mass function than in the stellar
mass function and the luminosity function. It is possible in all cases that this dip
is a statistical artifact: its significance is not high. However it is interesting that it
occurs at the transition point in galaxy type from ellipticals and spirals to dwarfs.
The fact that it is less pronounced in the full baryonic mass function than in the
stellar mass function may then simply highlight the fact that the gas mass fraction
in dwarf irregulars is much larger than in ellipticals and spirals.
There are a number of baryonic mass components which we have not included
in the above analysis because they comprise only a tiny fraction of the total mass
in baryons within galaxies.
Field halo stars: In the Milky Way and M31 there is a faint spheroidal stellar
population of stars which lie neither in the disc nor bulge components of the galaxy
(Gilmore et al. 1989). While the total mass of this component is quite uncertain
and estimates range from ∼ 108 (Binney & Merrifield 1998) to ∼ 109 M⊙ (Freeman
& Bland-Hawthorn 2002), this is still only ∼ 0.1 − 1% of the total baryonic mass
and, therefore, a negligible Galactic mass component. Because of the low surface
density of these halo stars, they are difficult to resolve in galaxies much further
away than M31. Perhaps other galaxies have a much more significant stellar halo
and we are missing an important baryonic mass component. This is probably not
the case, however, because stars from these halos would generate a high extragalac-
tic background light in galaxy clusters, which is not observed (Zibetti et al. 2005)†.
MACHOs and stellar remnants: Limits can be placed on massive compact halo
objects (MACHOs) of any form, which may or may not be made of baryonic matter,
from microlensing experiments (e.g. Alcock et al. 2000). Current data (Afonso et
al. 2003) suggests that the contribution of MACHOs to the total baryonic mass of
the Galaxy may be small, and we neglect this contribution here. A more stringent
† In fact an argument of this sort requires some care. Zibetti et al. (2005) find that ∼ 30% of
the stars in clusters can be attributed to background light of some sort. However, ∼ 20% of this is
associated with the large central cluster galaxy. It is likely that these these stars are tidal debris
left over from infalling galaxies; they would have formed within discs or bulges, rather than stellar
halos. We take what we feel is a conservative upper bound from these cluster measurements of
10% for the contribution from stars which formed within stellar halos.
Article submitted to Royal Society
The baryonic mass function of galaxies 13
Figure 4. The field galaxy baryonic mass function. The data points are for all galaxies,
while the lines show spine fits by Hubble Type. The lines are as in Figure 2. The CDMmass
spectrum from the numerical simulations of Weller et al. (2004) is also shown. Overlaid
are parameters for a Schechter fit to the total mass function.
Ωb Ω∗ ΩHI ΩH2
E 0.00064 0.00064 ∼ 0 ∼ 0
S0 0.00073 0.00068 0.00003 0.00001
Sa+Sab 0.00036 0.00032 0.00001 0.00002
Sb+Sbc 0.00056 0.00040 0.00004 0.00008
Sc+Scd 0.00072 0.00047 0.00010 0.00008
Sd+Sdm+Sm 0.00037 0.00021 0.00007 0.00005
Irr+dIrr 0.00013 0.00007 0.00003 0.00001
dE 0.00002 0.00002 ∼ 0 ∼ 0
total 0.0035 0.0028 0.00029 0.00026
Table 3. The baryonic mass density of galaxies. Typical errors are ∼ 10%. A discussion
of the larger systematic errors is given in section 3a.
constraint can be placed on the total mass in MACHOs that are the endpoints of
stellar evolution (neutron stars and black holes) due to the lack of large amounts of
heavy elements in the Universe (e.g. Freese et al. 2001). Fukugita & Peebles (2004)
estimated the cosmological density in the remnants to be Ωremnants ∼ 0.00001,
which is far less than the sums in Table 3, and we ignore this contribution here.
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Hot gas: There are two main hot ionised gas components in galaxies: a component
associated with HII regions, which is heated by ionising radiation from O and B
stars, and an extended component which is associated with the dark matter halo.
The mass of the component associated with HII regions is negligible (∼ a tenth
of the molecular gas mass) for both early and late type galaxies (e.g. O’Sullivan
et al. 2001, Mathews & Brighenti 2003 and Goudfrooij 1999). The extended com-
ponent is what we refer to later as the warm/hot intergalactic medium or WHIM.
Some of this gas is likely bound to galaxies; much of it presumably also resides in
the intergalactic medium. This component, which we do not count as part of galac-
tic baryonic matter, is probably the dominant form of baryons in the Universe.
Dust: In the Milky Way, a dust-to-gas ratio by mass is about 1/200 (Gilmore
et al. 1989). There does not seem to be any evidence for this ratio being different in
the majority of external normal galaxies (see e.g. the review by Young and Scoville
1991), and we neglect the contribution of dust to the baryonic mass density of the
Universe.
6. The contribution to Ωb
The value that we get of Ωb,gal ∼ 0.0035 in galaxies is only about one-tenth of the
value of the baryonic density of the universe Ωb ∼ 0.05 derived from measurements
of light element abundances (Coc et al. 2004) and from the shape of the angular
power spectrum of the cosmic microwave background (Spergel et al. 2003). This
opens up the important question: if they are not in galaxies, where do 90% of the
baryons in the Universe reside?
Hydrodynamic simulations (Cen & Ostriker 1991) suggest that most of these
baryons are in a warm/hot intergalactic medium (WHIM), that is highly ionised.
This medium is very difficult to detect, but there might be indirect evidence for its
existence, from observations of OVII X-ray absorption along the lines of sight to
high redshift quasars (e.g. Fang et al. 2003). Directly detecting the WHIM and will
be a major area of observational study over the next few years.
7. Conclusions
The main conclusions from this work are as follows:
1. The baryonic density of the universe that resides in galaxies is Ωb,gal = 0.0035±
0.0003. This is far less than the value of Ωb = 0.05 inferred from the CMB or
from BBN. Most of the baryons in the Universe do not reside in galaxies and
probably reside in the warm/hot intergalactic medium (WHIM). Direct detection
of the WHIM will form one of the major challenges for astronomy in the next
decade.
2. Most of the baryons in galaxies are in stars, not gas, and about one-half of
these stars are in early-type galaxies. We derive the value of Ω∗ = 0.0028± 0.0003,
assuming stellar mass-to-light ratios derived from population synthesis models, a
Kroupa IMF in discs and irregular galaxies and stellar mass-to-light ratios derived
from dynamical measurements in bulges and elliptical galaxies.
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3. About 15–20% of the baryons in galaxies are in gas. Of this, about one half is in
molecular gas.
4. About 30% of the atomic gas seen by HIPASS is not present in our atomic gas
mass function. We attribute this to gas in galaxies that are missing in the sample
that we used to define a scaling between optical luminosities and gas masses.
The main uncertainties in this work arise from the systematic errors in determina-
tions of the stellar and gas mass-to-light ratios. The errors we quote throughout
this paper are small, since they derive from the range in mass-to-light ratios deter-
mined from different methods. Such errors do not take account of systematic errors
within each mass determination which are much harder to quantify and may be as
large as 50%. Spectroscopy, deep photometry and improved modelling will all help
to pin down and reduce such systematics in the future. An accurate baryonic mass
function is already beginning to form one of the observational pillars of modern
cosmology.
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